Abstract In aircraft assembly, interlayer burr formation in dry drilling of stacked metal materials is a common problem. Traditional manual deburring operation seriously affects the assembly quality and assembly efficiency, is time-consuming and costly, and is not conducive to aircraft automatic assembly based on industrial robot. In this paper, the formation of drilling exit burr and the influence of interlayer gap on interlayer burr formation were studied, and the mechanism of interlayer gap formation in drilling stacked aluminum alloy plates was investigated, a simplified mathematical model of interlayer gap based on the theory of plates and shells and finite element method was established. The relationship between interlayer gap and interlayer burr, as well as the effect of feed rate and pressing force on interlayer burr height and interlayer gap was discussed. The result shows that theoretical interlayer gap has a positive correlation with interlayer burr height and preloading pressing force is an effective method to control interlayer burr formation.
Introduction
Under the premise of meeting the strength requirements of aircraft structure, lightweight is the goal to pursuit in aircraft manufacturing. Hence, aluminum alloy, titanium alloy and composite materials are widely used in aviation manufacturing industry. [1] [2] [3] In aircraft component assembly, connection and hole quality of connection with multi materials' stacks are key factors affecting fatigue and service life of aircraft, and many researches have been carried to improve the drilling quality. [4] [5] [6] [7] [8] Hence, automatic drilling system based on industry robot or crawler robot has wide application in modern aircraft manufacturing industry. [9] [10] [11] And during traditional drilling process for stacked metal materials, interlayer burr with large size occurs, which needs a lot of time and money for hand deburring. 12 In addition, interlayer burr removing needs to separate the parts and reassembly after deburring, and it not only increases the manufacturing cost but also is difficult to ensure the assembly quality.
Many studies have been conducted related to burr formation and minimization in drilling metal materials. [13] [14] [15] [16] [17] [18] A lot of researches indicate that workpiece parameters, tool parameters and process parameters have remarkable impact on burr size; in addition, tool wear and temperature field distribution have a certain effect on burr size. Melkote et al. discussed the influence of tool geometry, coating material, process parameters and tool wear on interlayer burr formation in dry drilling 2024-T3 and 7075-T6 stacked plates 15 They found tool point angle, workpiece clamping type and clamping distance are the significant factors influencing interlayer burr height, while tool wear barely has an effect on interlayer burr height. Bi et al. proposed a multi-objective optimization algorithm for process parameter optimization during drilling Ti6Al4V and 7075-T6 stacked plates, and found the spindle speed of 2000 r/min, the feed rate of 0.075 mm/r, the pressure of 0.3 MPa and Ti-Al stacking sequence can achieve the smallest interlayer burr height. 16 Finite element method is used to investigate the mechanism of burr formation. [19] [20] [21] Min et al. studied finite element simulation on the formation of uniform burr and crown burr when drilling different plastic materials; the finite element model can evaluate the influence of process parameters on burr formation, and the simulation results were validated by experiments. 20 Segonds et al. analyzed the ductile material deformation mechanism under the effect of twist drill, and propose a new model to predict the drilling exit burr type. 22 Kim and Dornfeld discussed drilling exit burr formation mechanism with several shapes and size in drilling various materials and built a mathematical model of drilling exit burr based on energy conservation, and the theoretical model is in good agreement with the experimental results; it is only applicable for good plastic material with low spindle speed and the influence of spindle speed was not taken into account. 23 Interlayer gap is an important factor influencing interlayer burr height, and the relationship between interlayer gap and interlayer burr height are widely discussed. [24] [25] [26] When drilling stacked layers with different metal materials, the elastic bending deformation of two layers occurs to different degrees because of various physical and mechanical properties, and then the interlayer gap and interlayer burr form. Even for the same material drilling process, the upper plate produces elastic recovery when it is drilled through, and the lower plate without object support produces large elastic bending deformation, and forms big interlayer gap, which provides favorable conditions for interlayer burr formation. Choi et al. proposed a finite element model of interlayer gap formation when drilling stacked metal materials and pointed out that the interlayer gap increases dramatically while the plastic deformation region of upper layer reaches to the exit of hole and the lower layer is supported by the drill, then the interlayer burr develops fully. 24 Li et al. carried out a mathematical model of interlayer gap during the drilling of stacked material and discussed the effect of preloaded pressing force on interlayer gap; the model is made too much simplification and is invalid when the pressing force is larger than drilling force, and there is no experiment to validate the model. 25 Liang simplified the deformation of thin plates into the deformation of beams, develops an analytical model of interlayer gap formation, and discusses the relationship between the interlayer gap and the interlayer burr morphology. 26 Although some researches about interlayer gap in drilling stacked metal materials have been reported, the effect of interlayer gap on interlayer burr height and the inhibit mechanism of pressing force on interlayer burr height is not clear. This paper aims to have a profound understanding of the mechanism of interlayer gap formation and control of interlayer burr under preloaded pressing force in drilling stacked metal materials. Section 2 discusses the formation of interlayer burr and the interlayer gap. In Section 3, a simplified mathematical model for interlayer gap without pressing force and an FEM (finite element method) model for interlayer gap with pressing force are given. Section 4 shows the experimental works. In Section 5, the results and discussion are presented. Finally, several conclusions are drawn in Section 6.
Formation of interlayer burr and interlayer gap

Interlayer burr formation
The formation of drilling exit burr is complicated due to many influencing factors. [27] [28] [29] Two typical burr formation mechanisms are presented in Fig. 1 . The metal material is cut gradually in feed direction under the effect of twist drill, when the drill is near the exit of hole, the center point of uncut material on exit surface is firstly yielded, apparently, the minimum thickness of uncut material, h 0 (see Fig. 1(b) ), indicates the distance from center point of exit surface to chisel edge, is affected by material properties and thrust force. Yielded zone constantly extends outward and at the same time, the yielded material under thrust force produces plastic deformation. And then, the deformation of exit material can be divided into two cases, namely, Case 1 and Case 2. In Case 1, the material under chisel edge gets thinner due to plastic deformation and the fracture occurs near the center of exit surface. And the uncut material undergoes cutting and plastic bending, and at the exit of hole, the material is pushed out and the burr forms. In Case 2, for ductile material, the fracture occurs not near the center of exit of surface but at the periphery of hole and forms uniform burr with a drill cap or without a drill cap. bent material at the periphery of hole forms large exit burr. The larger the thrust force, the earlier material yield occurs and the larger the deformation of plastic bending, which result in crown burr.
In drilling stacked metal plates, interlayer gap is an important factor influencing interlayer burr formation. Fig. 3 shows three typical interlayer burr shapes under three circumstances. In Fig. 3(a) , the interlayer gap is sufficient, exit interlayer burr and entrance interlayer burr develop fully, and both have no contact, the total interlayer burr height is smaller than interlayer gap. In Fig. 3(b) , exit interlayer burr and entrance interlayer burr develop fully, and exit interlayer burr just reaches the entrance interlayer burr; the total interlayer burr height is equal to interlayer gap. In Fig. 3(c) , the interlayer gap is narrow, exit interlayer burr reaches the entrance interlayer burr before it develops fully, and exit interlayer burr grows inward, the total interlayer burr height larger than interlayer gap.
Interlayer gap formation
Interlayer burr height is a main parameter of evaluating interlayer burr and is made up of exit burr of upper plate and entrance burr of lower plate. In drilling stacked metal plates, preloaded pressing force and thrust force cause different bending of each layer which results in interlayer gap. Interlayer gap has significant influence on interlayer burr formation, and large gap can make sufficient room for interlayer burr formation to occur. Fig. 4 presents the interlayer gap formation in drilling of stacked metal plates. At stage 2, the upper plate undergoes drilling thrust force, while the lower plate undergoes interlayer compression force from upper plate and the interlayer gap is zero regardless of initial clearance produced by preload. At stage 3, the drill bit breaks through the upper plate and the chisel edge reaches the lower plate, the upper plate displays deformation spring-back gradually, the lower plate produces more bending deformation under the effect of drilling thrust force, and the interlayer gap begins forming and increases gradually. At stage 4, the drill bit engages in machining of Formation of interlayer gap and control of interlayer burr in dry drilling of stacked aluminum alloy platesthe lower plate fully and the interlayer gap is equal to the deflection of the lower plate.
Interlayer gap modeling
Interlayer gap model without preload pressing force
In aircraft component assembly, the structures was preconnected by many rivets or bolts and divided into many thin plates with four sides simply-supported. In elasticity mechanics, if the ratio of plate thickness and the minimal size on plate face is less than 1/5 and greater than 1/80, the plate is called thin plate.
where E is the elasticity modulus of plate, l Poisson's ratio, d the thickness of plate, and qðx; yÞ the force distribution on the plate, a function of x and y in plane coordinate. x is the deflection of plate and r 4 x can be given in Eq. (2):
According to the theory of plates and shells, a simply supported rectangular thin plate (0 6 x 6 a; 0 6 y 6 b) is shown in Fig. 5 , which is under a concentrated distributed load F (position: x ¼ n; y ¼ g).
The deflection of the plate can be represented as Eq. (3): 
, then the maximum deflection of the plate is determined as Eq. (4). 
Interlayer gap model with preload pressing force
In this section, the preloaded pressing force is applied on the upper plate by pressure nose in drilling stacked metal materials. When the drill bit reaches the interface, with the increase of pressing force, the deflection of upper plate increases gradually and the interlayer gap decreases at the same time. And the contact between two plates occurs, in addition, the contact area grows gradually, and the effect of interlayer compression force on the deflection of two plates should be taken into consideration. The distribution of interlayer compression force is complicated, and the contact force and contact area are difficult to be calculated by mathematical method. Hence, an FEM model of a quarter of the plates was proposed by using ABAQUS 6.10 (Fig. 6) . The plates were meshed using hexahedra nodes and three-dimensional solid elements (reduced integration C3D8R elements), the approximate global size of upper plate is 1.5 and the approximate global size of lower plate is 2. The procedure type is static and general; friction formulation between two plates is penalty and the friction coeff is 0.2. The pressing force is loaded on the pressure nose, while the drilling force is applied on the lower plate through the hole, then the deflections of two plates are calculated and the interlayer gap is given.
Experimental work
Workpiece materials and cutting tool
Some 7475 aluminum alloy plates of 250 mm Â 100 mm Â 3 mm are used in drilling experiment; 7475 aluminum alloy is a kind of ultra-high strength Al alloys with high strength and toughness, which is a main structural material in the aviation and space fields. Its mechanical-physical properties are listed in Table 1 . The cutting tool used is a standard solid carbide coated drill. The coated material is TiAlN and the coating thickness is about 7 lm. The drill is of cylindrical shank, 5 mm diameter, 118°point angle and 30°helix angle (see Fig. 7 ).
Experimental platform and measurement
The drilling test is conducted on TH5660A machining center, the spindle speed ranges in 0-2500 r/min and the drilling style is dry cutting. Firstly, drilling thrust force is measured by dynamometer (see Fig. 8(a) ), then two aluminum plates are fixed on the workbench by four bolts with 8 mm diameter (see Fig. 8(b) ) and drilling process starts. The thrust force measurement platform mainly contains an interface 1216-500/250 sensor from American, a PCI8510 data acquisition card from Chinese Art company, an SGA/A charge amplifier from UK ME company, an A/D converter and a personal computer. The RETC white light interferometer is used to observe the burr morphology and measure the burr height.
Experimental design
The experiment is designed into two parts. In part 1, the drilling experiment is conducted without preloaded pressing force. The experimental intent is to study the relationship of interlayer gap and interlayer burr height and analyze the effect of feed rate, thrust force and position of hole on interlayer burr height. Feed rate has a significant effect on thrust force, as well as on interlayer burr formation, which indicates a possible correlation. 31 Based on the model of interlayer gap, the position of hole has a great effect on interlayer gap, as well as on interlayer burr. Each drilling test for different processing parameters is carried on a set of stacked plates. Firstly, four 8 mm diameter holes are made in the stacked plates, and then the stacked plates are fixed on the workbench. A row of 5 mm diameter holes every 9 mm for each set of process parameters are drilled in x direction (see Fig. 9 ).
In part 2, the experimental work is conducted with preloaded pressing force, and three holes are drilled for each group of processing parameter. The picture of drilling experimental setup with preloaded pressing force is shown in Fig. 10 . In the experimental setup, changing the air inlet direction of cylinder realizes the up and down movement of the piston. When the piston moves down, the pressure nose compresses the workpiece and drilling test starts. The preloading pressing force changes by adjusting the inlet pressure. The shape of analog pressure nose is a metal ring with inner radius 20 mm and external radius 25 mm. The purpose of drilling test is to study the influence of pressing force and feed rate on interlayer burr Formation of interlayer gap and control of interlayer burr in dry drilling of stacked aluminum alloy platesheight and discuss the method to control interlayer burr height.
In the experiment, the spindle speed is 2000 r/min, and the process parameters' settings are shown in Table 2 . The interlayer exit burr height and interlayer entrance burr height of holes are measured at the periphery of hole in four orthogonal directions, and the arithmetic average of values is regarded as the ultimate value of interlayer burr height.
Results and discussion
Interlayer burr and interlayer gap without preloaded pressing force
The drilling burr formation mechanism is complicated and the drilling burr has various types depending on many factors, such as drilling parameters, material properties and temperature. And the occurring interlayer gap due to thrust force when drilling stacked metal materials has a significant impact on interlayer burr. Fig. 11 shows that feed rate is a significant factor on interlayer burr height. Exit interlayer burr height increases with the increase of feed rate, while entrance interlayer burr height has little change. And entrance interlayer burr height is smaller than exit interlayer burr height, which is consistent with the situation that exit burr is larger than entrance burr when drilling single-layer aluminum plate. Fig. 12 shows the interlayer burr morphology. And the change of interlayer burr via feed rate can be observed explicitly. When feed rate is small, exit interlayer burrs are large uniform burr and entrance interlayer burrs are small uniform burr, especially the size of entrance burr is slight. With feed rate increasing, the thickness and height of burrs are getting larger.
Smaller feed rate results in smaller thrust force and smaller bending deformation of stacked plates and it is helpful to obtain smaller interlayer gap, which is advantageous to the restraint of interlayer burr formation. In Fig. 13 , the interlayer burr height shows a positive correlation with feed rate and interlayer gap, and the interlayer burr height is larger than interlayer gap. Fig. 14 shows the effect of hole position on plate surface on interlayer gap and interlayer burr at feed rate of 0.10 mm/r and spindle speed of 2000 r/min. From Fig. 14 , the further drilling hole is from the center of plate, the smaller mathematical interlayer gap, as well as the interlayer burr height, which validates that interlayer burr height has a positive correlation with interlayer gap. Moreover, the interlayer gap is smaller than interlayer burr height, and there are probably two reasons: firstly, the stacked plates are pre-connected by four bolts with uneven loading and the initial clearance exits before the drilling process, especially near the center of the plate, which cannot be considered in the mathematical model of interlayer gap; secondly, the plates should be separated during the measurement of interlayer burr height; under the effect of pressing force, the exit interlayer burr and the entrance interlayer burr are close together, which results in that the total interlayer burr height is larger than interlayer gap.
Interlayer burr and interlayer gap with preloaded pressing force
Based on the previous analysis, interlayer gap shows a positive correlation with interlayer burr height. Hence, the effective approach to decrease interlayer burr size is to reduce interlayer gap. And in robotic automatic drilling process, the main method is to preload pressing force by pressure nose.
Figs. 15 and 16 show the interaction of pressing force and feed rate on interlayer burr height. Obviously, when pressing force ranges from 0 N to 247.5 N, interlayer burr heights at Fig. 15 Interaction of pressing force and feed rate at interlayer burr height. Formation of interlayer gap and control of interlayer burr in dry drilling of stacked aluminum alloy platesall levels of feed rate decrease dramatically. Then with the increase of pressing force, the interlayer burr height at small feed rate decreases slightly, while the interlayer burr height at 0.10 mm/r of feed rate increases slightly, and totally the interlayer burr height is small and changes slightly. In Fig. 16 , when pressing force is less than 247.5 N, the effect of feed rate on interlayer exit burr height is obvious. However, when pressing force reaches 247.5 N, almost twice of thrust force at feed rate of 0.10 mm/r, the interlayer burr height changes with strong randomness, the exit interlayer burr height is less than 40 lm, the entrance interlayer burr height is about 10 lm and the total burr heights are less than 60 lm. It indicates that feed rate becomes a minor factor, while pressing force becomes the most significant factor influencing interlayer burr height. In Fig. 17 , it shows that the changing tendency of interlayer burr height and interlayer gap are consistent and the interlayer gap is less than interlayer burr height. The interlayer gap decreases obviously with the increase of the pressing force, and then the interlayer gap decreases smoothly. When the pressing force reaches 165 N, the interlayer gap is less than 30 lm, but the interlayer burr height is about 100 lm at feed rate of 0.10 mm/r. Hence, in order to achieve small interlayer burr, the appropriate pressing force for this experiment is 247.5 N and the critical pressing force should be more than twice of thrust force. Given that the drilling force as well as interlayer burr height changes with the processing parameters, it needs future research to study the relationship between the critical pressing force and drilling force.
Conclusions
Aluminum alloy is widely used in aeronautical manufacturing industry due to its excellent properties. The need of automatic assembly of aircraft industry has pushed scientific institutions to develop a dry drilling process with small interlayer burr. The study on controlling interlayer burr height enables the following conclusions:
(1) The theoretical interlayer gap has a positive correlation with interlayer burr height, and the largest size interlayer gap, as well as the largest size interlayer burr, occurs near the center of plate. An effective way to inhibit interlayer burr is to control interlayer gap and the most common method is to preload pressing force. (2) Feed rate has a significant effect on interlayer burr height; nevertheless, when pressing force is applied, the effect of feed rate is slight and pressing force becomes the most important parameter influencing interlayer burr height. And when the pressing force is more than 247.5 N, the control of interlayer burr is remarkable. (3) It is worth of future research to find the optimal pressing force considering the effect of drilling force.
